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1 3,  abstract  (Matmum  200  woms) 

Oceanic  and  coastal  bioluminescence  in  surface  waters,  in  many  instances,  is  produced  by  microscopic  dinoflagellates. 
Their  Ught  emission  is  usually  observed  at  a  maximum  during  the  night  hours  and  markedly  inhibited  during  the  day.  This  diel 
periodicity  has  never  been  observed  in  situ  for  identified  species  and  never  before  in  heterotrophic  Protopcridinium 
dinoflagellates.  Pronounced  differences  in  stimulable  bioluminesccnce  measured  with  bathyphotometers  in  Vestfjord,  Norv.ay 
in  September  1990  correlated  with  simultaneous  ship-board  laboratory  experiments.  Cells  of  both  the  phntosynthetic  Cerattum 
fusus  and  heterotrophic  Protopcridinium  curtipcs  showed  a  pronounced  inhibition  of  biolumincscence  during  the  day  and 
maximum  bioluminescence  at  night. 
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Oceanic  and  coastal  bioluminesccnce  in  surface  waters,  in  many  instances,  is  product  d 
by  microscopic  dinoflagellates.  Their  light  emission  is  usually  observed  at  a  maximum 
during  the  night  hours  and  markedly  inhibited  during  the  day.  This  diel  periodicifv  has 
never  been  observed  in  situ  for  identified  species  and  never  before  in  heterotropliic 
Prolopcridinium  dinoflagellates.  Pronounced  differences  in  stimulablc  biolumincscence 
measured  with  oathyphotometersin  Vestfjord,  Norway  in  September  1990  correlated  with 
si  multaneous  ship-board  laboratory  experiments.  Celb  of  both  the  photosyntheticCeraf  ium 
fusuf  and  heterotrophic  Protoperidinium  curfipcs  showed  a  pronounced  inhibition  of  biolu- 
minescence  during  the  day  and  maximum  bioluminescence  at  night. 


INTRODUCTION 


Oceanic  biolumincscence  in  the  surface  waters  of  the  world's  oceans  is  produced  by 
numerous  microscopicphotosyfithcticand  heterotrophicdinoflagellales  (Kelly  &Katona, 
1966;  Kelly,  1968;  Tctt,  1971;  Tett  &  Kelly,  1973;  Kelly  &  Tett,  1978;  Filimonov  & 
Sadovskaya,  1986;  Lapota  et  al.,  1988).  Their  light  emission  is  at  a  maximum  during 
scotophaso  (night  hours)  with  minimal  light  emission  expressed  during  photopiiase 
(day  hours).  This  light-controlled  diel  periodicity  in  biolumincscence  has  been  observed 
repeatedly  in  the  field  for  mixed  jxipulations  of  dinoflagellates  (Backus  et  al.,  1961,  ]  965;. 
Clarke  &  Kelly,  1965;  Kelly  &  Katona,  1966;  Kelly,  1%8;  Yentsch  &  Laird,  1968;  Lap<  ta  ft 
t/1 .  19.SS)  and  in  laboratory'  measurements  of  cultured-pihotosvnthctic  dinoflagel'  itcs 
' !  Ia\o  &  Sweeney,  1955;  Sweeney  &  Hastings,  1957;  Hastings  &  Sweeney,  1958;  Bit  ,le\ 

I',’  ,7/ ,  1969;  Sw’eeney,  1979)  but  neyer  in  situ  for  identified  populations,  and  never  before 
ii  iieterotrophic  Protoperidinium  dinoflagellates.  Pronounced  differences  i  '.timulable 
•  bi  iluminescence,  most  recently  measured  with  two  bathyphotometersat  the  ■  irfaceand 
at  depth  between  midday  and  midnight  in  Vestfjord,  Norway,  correlated  with  simtfTf.v” 
nt'ous  ship-board  laboratory  experiments.  Both  the photosyntheticcellsof  CcMf  11(717  fiiSKs 
(Ehrenberg)  Dujardin  and  the  heterotrophic  dinoflagellate  Protoperidini  rn  curtipes 
[orgensen  showed  a  pronounced  inhibition  of  biolumincscence  during  phot'  phase  and 
maximum  biolumincscence  during  scotojlhase.  ,  w..  i.  lUu  on  / 


f 

CT 


Av.  liability  (^des 

Dist 

Avon  and/or 

S.  iai 

6± 

1  '  !  \l’«  M  \ 


■  -I 
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.  ifi'.i 'lA  .It  ii  II  \\i-  ti'..ti*ti  il  till  It  liiv'i'll.iti'  I  rll'.  Ill  I'lilh  spt'iics  i(iT  ihi'ii  liit'I  ihiiiuM"s  in 

I'li'kimiiu'si  i  iii  ii".piiiisi-  m  tlu•‘^lllp■'^  l.lhl•r.llllr^■  p.iitiriil.irlv  whi'ii  nt.irki'il  mrrc.isi's  m 
l’iiilniiiiiu'Si.i'ni.f  wiTi'  iniMsuri'iJ  in  :-iti,.  In  tlir  lii'lil  this  iv.ts  m.trkini  hv  thi*  onsfl  ul 
siiiisi'i  or  sunns,'  \  ih'u1\  i.lf\fUipei.l  Kilhypluilumi.‘t».‘r,  I  li^;h  liUakt*I)uti!H‘i.l  l•xcItalu»n 
(I  III^I'.X),  ablo  Id  moasuro  thn  vertical  distribution  ot  bioluniinescence  from  the  surface 
to  a  depth  of  UK)  m,  was  deplovt>d  prior  to  sunset  (approximately  1830  local  time)  to 
measure  changes  in  bioluminescence  during  increased  darkness.  The  object  of  these 
activities  was  to  measure  the  change  in  light  output  in  both  dinoflagellate  species  from 
sunset  into  the  dark  hours,  and  to  verify  these  laboratory  measurements  with  concurrent 
field  bathyphotomctric  measurements.  - 

MATERIALS  AND  METHODS 
Bathyphotomeler  and  ship-lnxird  measuremenlf 

Bathyphotometer  casts  of  the  vertical  distribution  of  bioluminescence  were  made  in 
Vestfjord,  Norway  at  15°49'E.  A  night  profile  cast  was  conducted  at  2314  13 

September  1990  and  a  day  profile  was  conducted  at  1400  the  following  day. 
Bathyphotometer  casts  conducted  near  midnight  at  this  station  and  at  other  stations 
within  Vestfjord  showed  that  maximum  bioluminescence  increased  no  more  than  20% 
following  the  rapid  increase  in  bioluminescence  following  dusk.  The  descent  of  the 
bathyphotometer  from  the  surface  to  a  depth  of  92  m  at  night  and  100  m  during  the  day 
was  7  min  (2'3-2'4  m  resolution).  Bioluminescence  was  measured  by  pulling  sea-water 
past  an  RCA  8575  photomultiplier  tube  (PMT)  operating  in  the  photon  count  mode.  PMT 
pulses  were  integrated  every  10  s  during  the  descent  and  ascent  with  a  real-time  output 
displayed  on  a  computet  as  average  counts  s  ',  later  converted  to  photons  s  '  ml '  of  sea¬ 
water.  Sea-water  temperature  was  also  measured  with  a  Sea  Bird  temperature  probe 
(Model  SBE-3)  while  chlorophyll  fluorescence  was  measured  hi  nitu  with  a  Sea  Tech 
tluorometer.  This  version  of  the  bathyphotometer  hasbeen  described  (Lapotai’/ii/.,  1^)8^)). 
I  he  bathyphotometer  was  calibrated  with  the  luminous  bacteria  Vibrio  lumvi/n  and 
'.olutions  of  the  bacterium  at  several  known  source  strengths  were  measured  in  the 
'.ample  chamber  of  a  Quantalum  detector  (Matheson  et  al.,  Nh'fi.  Multiple  profiles  to 
measurestimulatedbioluminescenceduringtheduskhourson  25  September  were  made 
using  the  HIDEX  bathyphotometer  developed  at  the  University  of  California,  Santa 
Barbara.  The  high  flow  characteristics  (20  1  of  sea-water  s  ')  and  largo  light-integrating 
chamber  of  the  system  make  it  possible  to  do  high  speed  profiles  with  significant 
reproducibility  (Casec/  al.,  IWO). 

IWo  ship-board  photometer  systems  also  measured  stimulated  bioluminescence 
within  a  darkened  flow  through  chamber.  The  intake  pipe  within  the  sea  chest,  located 
in  the  engine  room  of  the  ship,  was  positioned  through  the  ship's  hull  at  a  3  m  depth 
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I  'nniu;  the  iih;l)l  .iih!  sim-w.iIci  Ifiiipcr.itiiri'  w.is  mixi-J  t,>  .i  (icpllt .  ■( 

m  \  111. TinrH line  w.is  nuMstiml  .il  this  cirptlT,  Ihr  lnii]vr,iliiif  li.-.  rc.ism;' 

1  '  t  .It  10  111  to  11  C  .it  00  Ill  (l  ipuro  2A).  C  lilorophyil  lluorfsu'iuo  displ.tv»\i  .i  sniiil.n 
:n  111.'  inixcil  l.ucr  .im)  jio.ik  chloroplivll  I'onofnf rations  wore  smul.ir  t.ir  Imtli  .l.i\ 

■  ir.d  nti;hi  too  i)  7  T  '  lih,  hovvovor.tho nnJday  [vak  \xas  nioasunsi  .n  .i  di-ptii  . 

II'  u  lull-  till-  iiipht  iniMsiiivnionts  displavod  two  lavors  at  2''  m  .nui  'i'  iv  i  ipiii.  .Oi 
Ihiriin;  111.'  dusk  timo-soru*s  rondnflod  with  HII31i\  on  2'i  Si-pt.'mli.'i  iiT.I’xurnnTT" 
biohiminoscvnco  wasalvvaysnioasuredaladopthot.'^2  n\  trom  tin- start  1 1S"0)  to  llu  .  iul 
i2 120)  of  thosi'  measuromonts  (Figure  3).  Bioluminescenco  increased  si\-told  during  tiie 
se\'en  profiles  conducted  in  less  than  3  h.  Maximum  stimulabli-  bioliiininescence  in¬ 
creased  to  3x10'’  photons  s  '  ml '  sea-water  during  the  course  of  the  earlv  evening 


I  iv;iiri’  1  Mulltplo  prnfilosol  measuri-d  bielumimiicence  using  thr  L  cSI'  1  tlfil-X  lMtlivpli.il.'in«-t.-r  ..i 
SMtion  n  in  Vosltjerd,  Nonvjv.  Seven  profiles  wereconducteil  in  !.•••'  lli.ni  *  li  duriiig  ll.o  aioC  tiiii. 
■■enes  Maximum  biolumint*scence  was  always  ms-asured  at  a  depth  ot  12  m  m  tlii'-  siTies 


I'LiuktOr.  iithi  fight  (’Kiigc;- 

Maximum  numbers  ot  dinotlagellates  (I73'r  cells  1  ;  at  middav  li  igiiie  4.A  oi  r. 
observed  at  a  depth  of  10  m  below  the  sea  surface  while  maximum  numbers  ot 
dinoflagellates  at  night  (1842  cells  I ')  were  collected  at  a  depth  of  23  m  at  night  (Figure 
4B).  Bioluminescent  dinoflagellates  followed  similar  trends:  however,  their  number-^ 
represented  only  b  and  ‘*‘1  ot  all  dinoflagellates  for  tlu-  middav  and  night  casts 
respectively,  ninoflagellati's  decreased  markedly  below  the  thi-rmocline  1  herr'  wen-  b 
and  25  times  fewer  dinollagillates  at  50  m  than  at  40  m  l.tr  both  the  rnnldav  jn«4««r>~lii 
casts,  respectively. 

The  depth  distribution  of  the  luminescent  Ccnitium  and  Pri'tofvridituum  diiv'llagel 
lates  differed  with  respect  to  middav  and  night  casts.  Maximum  numbers  ot  F  t.’isii'  oi 


cells  I ' 


ri)i',urt>4.To(aldinonagcU<ttcsandbiolummesccntdinonaf'cll.itiNC('>llc  'U-'’  it(A)middAy<imllB)niy’lii 
at  Station  6,  13  September  1990.  The  maximum  numb»T  of  cells  lor  b  .th  c«)mponents  was  2t)  m 
shallower  at  midday  than  at  night. 
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l  igureS  rhevertkaldislnbutionoflhebiohiminescentdinoflagellatr'-  iTJlii(wfMsiisandf’ri'fin>.'ri,fiiiiHHi 
si'p  during  (A>  the  midday  east  and  (10  the  night  cast  Sl.iMiiuun  niimh.  s  of  l’>i'ti'(s 
dmollagellatis.  remainwi  unchangixl  at  3l>  m.  lor  either  niuldav  or  night 
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I'igure  6.  Calculated  bioluminescent  light  budgets  for  (A)  the  midday  cast  and  (B)  the  night  cast  The 
common  feature  between  thelwo  budgetsisthedominanlcontribution  by  CcwtiMmfusMsat  the  shallow 
depths  replaced  by  Protoperidinium  ctirlipes  with  increasing  depth.  Both  Coniliflfcia  and  Metndia 
increased  their  impact  on  the  light  budget  at  night. 


cells  1 ')  were  collected  at  a  depth  of  10  m  for  the  midday  cast  (Figure  5A)  while  maximum 
numbers  of  these  cells  were  collected  at  a  depth  of  25  m  (106  cells  1 ')  for  the  night  cast 
(Figure  5B).  Protoperidiniuni  spp.  dinoflagella te  cells  remained  fairly  constant  in  abun¬ 
dance  between  casts  (56-58  cells  1 ')  at  a  depth  of  30  m  (Figure  5).  Light  budgets  were 
constructed  for  profiles  from  the  pumped  samples  for  both  the  midday  and  night  casts, 
and  bioluminescent  crustaceans  w'ere  collected  in  the  vertical  net  tows  and  their 
contribution  to  the  light  budget  calculated  (Figure6).  Both  Mctridia  hn^a  and  AI  luct’u> 
(  opepr>ds  and  the  ostrncod  Couchoecia  elejiatis  were  the  d  uninant  light-producing 
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i.ffiilnnn  fi/M/N  exlubiled  mitumum  nnd  m.i\inuitn  nuMii  lii’!ii  uuipiil  v.ilties  ni  J\  in 
,ind  1x10'  (0200)  photons  cell  \  respectivelv  (stinuil.ihle  ]t>;lil  pel  li)  si. 
Protopcruiiuium  curtipes  exhibited  minimum  and  maximum  mean  light  tiulput  valiu-s  ol 
2xl(?  (1200)  and  5x10“  (0200)  photons  cell  ',  respectively  (stimulable  light  per  40  s).  The 
largest  rates  of  change  in  bioluminescence  intensity  for  C.  fu^us,  in  the  laboratory, 
occurred  between  1700  and  1800,  while  that  of  P.  curtipes  occurred  later,  between  1800 
and  2000.  Over  these  time  intervals  Ceratium  increased  its  mean  light  output  29-fold 
while  Protopcridmufm  increased  its  mean  light  outpHt437-fold.  Protoperidhiium  curtipes 
emitted  about  five  times  more  light  than  C.fusus  at  0200.  In  contrast,  laboratory  cells  of 
P.  curtipes  decreased  their  light  output  47-fold  between  0400  and  0600,  while  light  output 
in  C.  fusus  diminished  1760-fold  following  sunrise  at  approximately  0600  (Figure  7). 
Ceratium  fusus  emitted  53  times  more  light  at  0200  than  1200,  while  P.  curtifyes  produced 
2700  times  more  light  at  0200.  Night  light-output  values  for  both  C.  fusus  and  P.  fwrrfpPT* 
in  this  study  fall  within  the  same  range  of  intensity  for  other  coastal  dinoflagellatespecies 
observed  in  previous  studies  (Table  1). 

Ship-board  measurements 

Field  measurements  of  surface  bioluminescence  were  recorded  for  more  than  30  h  with 
ship-board  photometers.  The  diel  periodicity  from  one  day  to  the  next  is  apparent  in 
Figure  8,  as  minimal  intensity  was  measured  from  1200  to  1300,  while  maximum 
intensity  occurred  from  2000  ]l6  0400.  Maximum  bioluminescence  levels  ranged  from  1  - 
3x10"  photons  s  '  ml  '  of  sea-water  while  minimum  bioluminescence  was  2-3x  1 0"  photons 
s  '  ml '  sea-water.  The  three  orders-of-magnitude  change  near  the  surface  in  the  field  is 
consistent  with  cells  tested  in  the  laboratorx’.  Bioluminescence  at  the  surface  increased 
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Fipuro  8.  The  did  periodicity’  of  bidluminescence  within  Vestfjord,  Norway  at  a  .Vm  depth  at  Station 
h  for  .10  h  (1158  on  24  September  to  0615  on  26  September  1990).  Maninuim  bioluminescence  was 
maintained  throughout  the  night  following  minimum  levels  of  biohimm.  si  eni-e,  and  rangi-d  from 
1\1(T  to  3x10'  photons  s  '  ml  '.sea-water. 


tnuii  lo.ippri'vinintoly  p\l(V  photons  s  mP  sy.i-v.-.iler  ul  IStHI.  IholuminpscoiHvdl 
siinsi’l  iiieroasod  bv  a  laclor  t>f  tour  at  a  doplh  of  32  m  ( l•ik;^lrl>  3'  Tliis  sanu'  trend  was  als»' 
measured  at  tlie  >ea  Mirfaceand  bioluminesccnce  increased  twt'-fold  in  intensity  from 
2030-2 12(1  at  depth  and  remained  at  3\  10"  photons s '  ml  ’ sea-water  throughout  the  night 
hours. 


I3ISCUSSION 

The  greatest  rates  ot  change  in  light  output  tor  the  labi>ratory  cells  couh  ide  with  depth 
and  surlace  field  measurements.  The  lack  of  increased  bioluminescence  below  50  m 
during  this  permd  would  support  the  hypothesis  that  the  mea'  iired  ihel  luminescence 
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Inmnu--.  i  i\t  < .  ipi'pu.i..  Sh'lruihi  huiyii  (I  iiblKuk)  .mil  M  lin  i  if-  Hoin  k  vvi'id  tcil  m 
HIM  pu  ID  ['I'll  v.iDipli".  .iDil  lu  l  tiiw  •.  I  loiM'i  i-i,  llii'ic  I'  ni't'v  iiifiui-  thiit  tlu-M’.ind  Miiiikir 
hioluiDin.'sivnt  l  opi'piHl'-evhibit  .invilu*!  rhythm  in  lii;hl  mitpiit  ( I  \  ‘>|i[;niw<li  Bilvnkov. 
biiifi;  I  li'fnnj;,  A\'(iid.inci‘i''f  thodolecUir  by  thfsi'  copi'cmds  j>  imlikJTv’  bi>r,iiist*nl 
till-  Kiri;i'  -.  oliinn".  ot  w.Ui-i  wlmli  thi-  HII')I.\  b.itln  phiitimu-ti-r  pulls  into  its  s.iniplinj; 

I  h.imhi'i  i20  1  si'.i-u.iti  r  s  i  Tlu*s.-  lopoix'ds  disch.iri;e  2  2  ordors  il-m.igniludo  moro 
li^;ht  th.in  dodmotlai^i-ll.iti'sd.apof.iWrt/.,  l‘^S9>.  IfsulliOL’nt  luimbi-isol  Ihosucopcpods 
u-oro  present  Ihroughnul  tiro  water  column,  then  the  diel  periodicity  we  measured 
should  have  been  )’reatl  v  dampencxl  or  eliminated  entirely.  Additionally,  analysis  of  the 
net  towsat  these  depths  indicates  that  the  low  numbers  of  Mc/mi/iu  collected  (<1  in  ’)  made 
minimal  contributions  to  the  light  budget  calculated  for  dinoflagellates  and  zooplank¬ 
ton.  There  are  siniilar  trends  for  both  calculati-ii  light  budgets  .is  expected,  Kisml  on  tin* 
similarit\  ot  biolumini'sccnt  dinoflagellates,  copejiods,  and  ostracods.  Both  budgets 
were  coDstructiil  tor  the  night  ph.ise;  however,  the  midday  light  budget  would  actually 
look  quite  different  because  photoinhibition  would  reduce  the  light  output  ot  both 
species  of  dinoflagellates  at  the  ocean  surface  to  levels  compar.ible  to  laboratory 
measurements  (Figure  7).  These  inhibition  factors  may  be  less  for  cells  found  at  greater 
depths  because  of  decreased  ambient  light  levels.  The  midday  bioluminescence  cast 
should  certainly  reflect  these  photoinhibition  processes,  coupled  with  the  extremely  low 
numbers  of  luminescent  ostracods  and  copepods  collected  in  our  nets. 

Differences  in  the  vertical  distribution  of  the  luminescent  Cernliinn  fusus  and  the 
apparently  unchanged  peak  of  bioluminescence  measured  during  either  midday  or 
night  raises  several  interesting  questions.  The  first  being  that  at  a  depth  of  30  m, 
Protoperidinium  curtipes  is  the  major  light-emitter,  cither  at  midday  (although  at  a  much 
reduced  intensity)  or  during  the  night,  if  one  examines  the  cell  distributions  (Figure  5) 
or  the  light  budget  (Figure  6).  The  other  aspect,  which  may  not  be  reflected  in  the  midday 
bioluminescence  profile  (Figure  1),  is  the  shallower  distribution  of  C.  fusus  at  midday 
than  at  night,  which  might  imply  a  vertical  migration  by  these  cells  up  to  a  depth  of  10 
m  below  the  sea  surface  as  opposed  to  their  25-m  peak  layer  night  distribution.  There  is 
substantial  evidence  for  circadian  rhythms  in  the  vertical  migrations  of  dinoflagellates 
(Levandowsky  &  Kaneta,  1987).  Cells  of  Ceratium  furca  were  observed  to  migrati 
rhythmically  up  and  down  in  a  laboratory  culture  in  complete  darkness  for  six  davi 
(Weiler  &  Karl,  1979)  and  C.  fusus  has  been  observed  to  swim  at  speeds  from  0-23  to  1 
m  Iv'  (Peters,  1929;  Hasle,  1964).  It  is  possible  that  our  sampling  has  detected  the  diuma 
migration  of  C.  fusus  and  other  Ceratium  dinoflagellates  (Figure  4). 

The  diurnal  variation  of  biolumincscence  has  not  been  demonstrated  in  isolated  cells 
of  either  C.  ftisus  or  P. curtipes  with  concurrent  field  measurements.  While  photoinhibition 
of  biolinninescence  in  several  species  of  Prntojvridinium  was  dcmoiTSlf.ilea^rf  the 
l.ibnrato*  V  using  lamps  of  varying  spectra  and  intensity,  a  did  variation  of  biolumines¬ 
cence  h.v^  never  before  been  demonstrated  in  recently  isolated  field  populations  of  P 
i  uriipc-i  'l•■ilimonov  &  S.idovskaya;  IWfi;  Tyul’kova  &  Filimonov,  1981).  It  appears  that 
I’  iirliv-  mav  be  more  photolnhibited  by  ambient  light  cond  nns  at  middav  than  the 
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The  lil'or.itiir\'  nuMsuremenls confirm  thetemporiil  field  me.isurementsol  minimum 
.iiui  m.ixiimim  intensitv,  the  [vriodsof  increasing  and  decreasing  bioluminescence,  .ind 
the  diel  change  in  bioluminesccnce.  Both  laboratory  and  in  sifn  measurements,  while 
ijuile  different  in  execution,  have  identified  similar  trends  within  the  data  sets.  Indi¬ 
vidual  variations  in  the  range  of  intensities  (from  midday  to  midnight)  from  location  to 
location  is  certainly  a  reflection  of  the  diel  bioluminesccnce  change  inherent  in  each 
species,  and  to  the  composition  of  the  species  present  spatially  and  temporally.  Both 
methods  (field  and  laKaratory)  produce  a  consistent  picture  of  the  nature  of  diel 
periiKiicitv  of  bioluminescence  in  these  species. 

Wo  thank  the  Captain  and  crew  of  the  USNS  'Bartlett'  for  making  these  measurements  possible. 
We  also  wish  to  thank  Dr  P.J.  Herring  (Institute  of  Oceanographic  Sciences)  for  his  comments  and 
suggestions  which  greatly  strengthened  this  work.  G.J.Moskowilz  revised  several  figures  and  this 
is  appreciated.  This  work  is  dedicated  to  the  late  B.P.  Boden  (Rhodes  University,  Crahamsfown, 
South  Africa)  and  H.D.  Huddcll  (US  Naval  Oceanographic  Office,  Stennis  Space  Center,  Missis¬ 
sippi,  USA)  for  their  significant  contributions  to  and  uncompronusing  support  of  the  field  of 
oceanic  bioluminescence. 
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